ABSTRACT: Air travelling is the second largest travelling medium used by people. In future it is expected to be the first choice for the travellers. As increase in the price of oil cost of air travelling is getting higher. Engineers are forced to find the cheaper means of travelling by innovating new techniques. This paper presents the new idea to reduce air travelling cost by reducing drag, which is major driving factor of high fuel consumption. Two-dimensional and three-dimensional shock control contour bumps have been designed and analysed for a supercritical wing section with the aim of transonic wave drag reduction. A supercritical airfoil (NACA SC (02)-0714) has been selected for this study considering the fact that most modern jet transport aircraft that operate in the transonic flow regime (cruise at transonic speeds) employ supercritical airfoil sections. It is to be noted that a decrease in the transonic wave drag without loss in lift would result in an increased lift to drag ratio, which being a key range parameter could potentially increase both the range and endurance of the aircraft. The major geometric bump parameters such as length, height, crest and span have been altered for both the two-dimensional and three-dimensional bumps in order to obtain the optimum location and shape of the bump. Once an optimum standalone three-dimensional bump has been acquired an array of bumps has been manually placed spanwise of an unswept supercritical wing and analysed under fully turbulent flow conditions. Different configurations have been tested with varying three-dimensional bump spacing in order to determine the contribution of bump spacing on overall performance. The results show a 14 percent drag reduction and a consequent 16 percent lift to drag ratio rise at the design Mach number for the optimum arrangement of bumps along the wing span. This innovative technique proves to be a bridge between economical problems and engineering solutions and a milestone for aviation engineering.
INTRODUCTION
Almost all the modern jet transports in operation today operate in the transonic flow regime, rather than supersonic, for a major portion of their mission (cruise) for the sole purpose of fuel economy. Invariably the transonic flow regime is associated with the formation of shock waves which give a drag rise called "wave drag". This wave drag increases with shock strength and its fallout is flow separation. Consequently the performance of the aircraft is reduced significantly. Therefore it is of paramount importance for any designer to reduce this wave drag and many methodologies have been used previously for shock control. A review of previous research in the subject reveals the work of Qin et al. [1] who present a parametric study of the various shock controls using suction, blowing and shock control contour bumps. This study shows that a well design two-dimensional bump for the RAE 5243 Natural Laminar Flow (NLF) airfoil significantly increases the lift to drag ratio by reducing the shock strength and consequently the wave drag.
Konig et al. [2] demonstrated the advantages of using threedimensional shock control bump on an unswept transonic wing. Experimental and numerical studies were carried out on an array bumps placed spanwise on a modern transonic airfoil. Close agreement was achieved between the wind tunnel test and CFD results which indicated an overall drag reduction of 10 percent.
Furthermore Ogawa et al. [3] developed three-dimensional bumps for a transonic wing for the purpose of drag reduction and buffet delay. By carrying out both experimental and numerical studies at Mach (M) 1.3 and by using an optimum spanwise distribution of bumps an overall drag reduction of 30 percent was achieved. Qin et al. [4] carried out the design and optimization of two and three-dimensional shock control bumps for the RAE 5243(NLF) airfoil using a discrete adjoint solver approach. The adjoint solver was a gradient based optimization technique which used a sequential quadratic programming optimizer to find an optimized design point considering sensitivity derivates for a number of design variables. The optimized two-dimensional bumps resulted in a drag reduction of 18.1 percent while the optimized threedimensional bump offered a 20.1 percent drag reduction. However the three-dimensional bumps were found to be very useful over a wide range of off-design operating conditions.
Sommerer et al. [5] carried out the numerical optimization of adaptive transonic airfoils with variable camber. Here the twodimensional bumps were analyzed on the DAVA2 airfoil using the two-dimensional Navier-Stokes solver MUFLO. This analysis also showed encouraging results and the airfoils lift to drag characteristics were significantly improved with the addition of the shock control bump. Wong et al. [6] continued on their work and presented an adjoint-based optimization of a blended wing body shape with shock control bumps. In addition to the general geometric parameters the bump spacing was also optimized using and adjoint solver for threedimensional bumps spanwise on a swept back wing. The result was an overall lift to drag ratio (L/D) gain of 12 percent.
Sobieczky et al. [7] developed a theory based shape modification concept analysis for transonic airfoils. The study boiled down to the design and study of the effects of an expansion shoulder bump for wave drag control. Here a leading edge bump was used to increase the aerodynamic efficiency of a supercritical airfoil and thus widening the region of optimum lift-over-drag ratio.
The supercritical airfoil has numerous advantages compared to the conventional airfoil [8] in the transonic flow regime and thus is the preferred choice of designers all over the world for use in transonic wings. This paper presents the design and analysis of both two-dimensional and three-dimensional shock control bumps for a supercritical airfoil. The design parameters are the various geometric parameters such as bump height, span, crest location, relative crest and bump spacing. The designed three-dimensional bumps are then placed in a spanwise array over an unswept transonic wing. However this idea has been developed with the concept of a variable geometry wing using smart materials wing technology in which the bumps would simply "pop-up" during the design Mach number phase of the mission. Therefore the computations have been done only at a design mach number and the effect of transition and performance at off-design conditions, Mach numbers and the coefficient of lift (CL), are beyond the scope of the present paper.
SIMULATION

The Flow Solver
All simulations have been carried out in a commercially available computational fluid dynamics (CFD) code. The turbulence models in this CFD code are based on Favre averaging the equations governing the flow. Favre averaging introduces additional terms known as Reynolds stresses which are modeled using the Boussinesq eddy viscosity concept. This eddy viscosity is modeled by the following equation:
where q is the velocity scale and l is the length scale. The Baldwin Lomax turbulence model [9] has been used in all the simulations. This model is an algebraic turbulence model because the velocity and length scales are obtained from algebraic relations and is also commonly referred to as a mixing-length model because it employs Prandtl's mixinglength hypothesis in modeling length and velocity scales. The reason for selecting this model is that it is robust and provides quicker solution as compared to one equation or two equation turbulence models. Although the accuracy of the Baldwin Lomax model in the transonic regime has already been validated by Moigne [10] , using the CFD code MERLIN developed by the Cranfield University, for the purpose of this study the Baldwin Lomax model has been formally validated, for the CFD code used in this study, by comparison of computed surface pressure distributions with the classic ONERA M6 wing experimental results by Schmitt et al. [11] . A structured mesh was generated around the wing geometry 
PROBLEM DESCRIPTION
The placement of the bump manually is by no means a trivial issue therefore the shape of the bump is of utmost significance in achieving the desired results. For the two-dimensional bump four key characteristics, bump height, bump crest (or chord wise location of the bump), bump length and relative crest, were modified. However the bump height and crest played a pivotal role in the design procedure. For the three dimensional bump an additional parameter, bump span, was also considered. Fig. 2 shows the generalized key geometric parameters of the two-dimensional and three-dimensional bumps. It is important to note that all of the above mentioned geometric parameters have been quantified in terms of the airfoil/wing chord (c). This thickness is not only beneficial for structural considerations but also contributes to a significant reduction of wave drag [8] . In this study the finite trailing edge thickness has been maintained not only for capturing real physics of the problem but also as an aid to structural mesh generation. The results of the two-dimensional bump analysis are depicted in fig. 4 . Fig. 4 (a) shows the development of a strong normal shock wave on the upper surface of the airfoil while fig. 4 (b) and (c) illustrate the effects that the two-dimensional bump has on the shock structure. The effect of shock dissipation by the development of a "λ-shock" structure is fairly evident. The series of oblique shocks of the λ-shock incurs the same pressure jump as the original normal shock but with reduced total pressure losses hence a lesser wave drag.
Two-Dimensional Bump
This phenomenon is further explained by the comparison of the upper surface pressure coefficients in fig. 5 . The dip and rise of the Cp in the region of the bump is characteristic of the λ-shock structure indicating a sudden deceleration followed by a reacceleration of flow to reach the original minimum pressure of the baseline airfoil. The resulting changes in lift and drag coefficients are presented in table 1. These characteristics are in fact the performance parameters of the bump. The results presented above are encouraging and validate the effectiveness of the shock control bumps for the supercritical airfoil under study. Furthermore they are a great motivator for the design and analysis of three-dimensional shock control bumps 3.3. Three-Dimensional Bump Fig. 6 demonstrates the designed three-dimensional bump geometry. In addition to the key design parameters like those in the two-dimensional case mentioned earlier, an additional parameter of bump span has been used for the design of a three-dimensional bump.
Figure 6. Three-dimensional bump geometry
The simulation results are shown in fig. 7 . Like the twodimensional bump the three-dimensional bump also exhibits a λ-shock structure in comparison to the normal shock structure on the upper surface of the wing. However fig. 8 indicates an effect much more pronounced than that of the two-dimensional case at the bump centerline. The resulting surface pressure "bucket" can be accredited to the larger bump height in case of three-dimensional bumps (almost twice than that of twodimensional bumps). This clear cut advantage of a threedimensional shock control bump over the two-dimensional one presents itself in the form of better overall performance parameters as tabulated in table 2. at α = 00. Fig. 9 illustrates the wing geometry with a full length array of three dimensional bumps and the surface pressure contours. The only parameter that has still not been determined is the gap or spacing between the three-dimensional bumps therefore two arrangements with varying bump spacing was also analyzed. 
CONCLUSION
Design and analysis of both two-dimensional and threedimensional shock control bumps for a supercritical airfoil has been carried out on the basis of some key geometric parameters. First the two-dimensional bump has been designed and then the three-dimensional bump design has been carried out based on an additional geometric parameter. The results obtained from simulation using a CFD code shows that both the two-dimensional and three-dimensional bumps are successful in wave drag reduction at the design Mach number however the three dimensional bump shows a much better performance.
This three-dimensional bump is then simulated as an array on a finite span supercritical wing with two different configurations of bump spacing. The optimum configuration has returned encouraging results with an overall drag reduction of 14 percent simultaneously providing a lift to drag ratio gain of 16 percent. During the design process it was noted that the twodimensional were more prone to the double-shock phenomena with increase in bump height hence degrading the performance. On the other hand the three-dimensional bump exhibited greater robustness to increase in bump height resulting in a bump height almost twice that of the two-dimensional bump.
In both the two-dimensional and three-dimensional bumps the event of λ-shock structure formation has been observed. The λ-shock structure transforms the original normal shock wave into a series of weaker oblique shock waves rendering the same pressure jump as the original normal shock with reduced total pressure losses.
Further investigation would look to explore the original "popup" bump aspect by means of analysis of a large swept back supercritical wing. The design of such a wing could be modeled on the wings planforms of large commercial jet airliners of the modern area.
Also the bumps would be subjected to off-design conditions of Mach number and lift coefficients to determine the effects of transition process. A successful design and integration would ensure enhanced performance of the aircraft by means of an increased lift to drag ratio under cruise conditions and as the cruise constitutes a major portion of the mission a significant gain in range and endurance performances can be attained. This research ensures more economical commercial flights although it's not limited to the commercial airlines. If implemented in commercial industry, this technique can save millions of dollars per day, which can affect the whole aviation industry
